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A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 1 INTRODUCTION
It is known that the brain is able to optimize neural connectivity, in particular during critical periods (Eysel, 2009 ). Cortical plasticity is characterized by the modification of wiring of neuronal cortical networks in response to changes in visual experience, leading to structural and functional reorganization. Even though developmental plasticity is a well-established phenomenon, adult plasticity still is a very controversial issue. The ability of the cerebral cortex to adapt to changes in visual experience and mechanisms underlying compensation of loss of function are still highly debated (Wandell and Smirnakis, 2009) . Nevertheless human studies have suggested that during the lifespan the cortex maintains the ability to structurally and functionally reorganize either to increased use or disuse due to lesions (Baseler et al., 2009; Bridge et al., 2008 Bridge et al., , 2010 .
Animal model studies of artificially induced retinal lesions (for a review see Baseler et al., 2009) suggest that the cortex preserves a certain degree of plasticity and is capable of rewiring in response to loss of sensory inputs using the remaining intact portions of the retina. However, the mechanisms of visual plasticity induced by sustained silent loss of afferent retinal inputs in humans have hitherto not been studied.
We have addressed this issue by studying the silent stage of a human model of retinal ganglion cell (RGC) degeneration and death, Leber Hereditary Optic Neuropathy (LHON). LHON is an inherited genetic condition that may lead to loss of vision that becomes suddenly apparent after years of subtle neural loss.
It is one of the most common types of hereditary optic atrophies with an estimated prevalence rate of approximately 1 in 30,000 (Man et al., 2003;  A C C E P T E D M A N U S C R I P T
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5 Newman and Biousse, 2004) . This maternally inherited disorder caused by point mutations in the mitochondrial DNA (Kirkman et al., 2009b ) is characterized by optic nerve atrophy and reduced retinocortical processing.
After clinical onset it leads to bilateral visual impairment with dominant loss of central vision (Kirkman et al., 2009a) .
Retinocortical information flow is routed from the optic nerve to the lateral geniculate nucleus (LGN) and then dominantly to the primary striate visual cortex (V1). Visual information is then redistributed to extrastriate V2, V3 and higher visual areas (Felleman and Van Essen, 1991) . Retinal degeneration does therefore directly deprive V1 from receiving sensory information.
The main aim of this study was to elucidate the structural impact of silent early stage deprivation. An important question was whether indirectly deprived visual extrastriate regions would be affected, or instead reorganize.
It is worth emphasizing that we did not study here overt or late stage clinical cases, where lack of direct input might lead to manifest cortical atrophy and grey matter thinning. Such overt loss might explain putative cortical atrophy in lesion projection zones (LPZ) of clinically established retinal lesions.
Accordingly, a study comparing grey matter density in visual cortex of foveal (age-related macular degeneration) and peripheral (open-angle glaucoma)
retinal lesion models using Voxel Based Morphometry revealed reduction in grey matter density in the respective LPZs in the calcarine sulcus (Boucard et al., 2009 ). This shows that overt lesions as expressed by visual field scotomata may lead to retinotopic-specific structural loss in the visual cortex.
Our study focuses on the impact of widespread but clinically silent early afferent degeneration on primary striate and extrastriate cortex reorganization. We A C C E P T E D M A N U S C R I P T
6 computed cortical thickness (CT) maps in a pedigree of LHON individuals carrying the 11778G>A mitochondrial DNA mutation in functionally defined early visual areas V1, V2 and V3 in comparison with age-matched controls.
Importantly, we expected plasticity to occur mainly during cortical development and to be reduced in adulthood due to decreased plasticity and progression of silent neurodegeneration. It was therefore important to set late developmental cutoffs defined by the onset of early adulthood. We found evidence for differential reorganization in this age-dependent model of silently progressive loss.
MATERIAL AND METHODS

Subjects
We have tested 15 asymptomatic LHON carriers (7 men, 8 women; mean age=29.3±13.50 [SD] years; age range, 8-47 years) ( Table 1 ) that belong to a single homogeneous pedigree of confirmed presence of the mitochondrial DNA 11778G>A mutation (Grazina et al., 2007) . Participants from the LHON group were submitted to MRI acquisition and data were compared to subjects from an age-matched control group (n=15 participants; 11 men, 4 women; mean age=26.2±11.45 [SD] years; age range, 7-44 years).
All participants were submitted to a complete ophthalmological examination, including best-corrected visual acuity obtained with Snellen chart, ocular tension (Goldmann applanation tonometer, slit lamp biomicroscopy and fundus examination (Goldmann lens)). Control subjects were required to have good visual acuity and not to have any visual field defect (as defined by normative data). Our participants from the LHON carrier group had normal ocular A C C E P T E D M A N U S C R I P T based on optical interferometry, using infra-red (843 nm), low coherence light.
Cross-sectional images of retinal anatomy were thus obtained, with an axial resolution of ≤10 µm. Retinal thickness was computed as a 9 region bidimensional interpolated thickness map, with a central circle of 1 mm diameter and 2 outer circles with diameter of 3 and 6 mm ( Fig. 1) .
Insert FIGURE 1 about here 2.3 Stimuli and task design
Retinotopic mapping
Early visual areas are retinotopically arranged in the human visual cortex and mirror/nonmirror representations of adjacent areas of the visual field correspond to the turning points in horizontal and vertical meridians. Visual field mapping fMRI data were acquired using visual stimuli encoding polar coordinates. We used the standard travelling-wave method (phase-encoded retinotopy) (Engel et al., 1994; Sereno et al., 1995) . Presented stimuli were: (i) polar angle encoding stimuli ( 
Data Analysis
All image processing, cortical thickness and retinotopic mapping was performed with BrainVoyager QX 2.2 (Brain Innovation, Maastricht, The Netherlands) ( 
Anatomical Image processing
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Structural data processing was as described in Geuze et al. (2008) . Anatomical data were converted from DICOM to Brainvoyager's internal data format. To reduce the intensity variations caused by the magnetic field and RF-field inhomogeneities, we applied a bias-field mask . The two highresolution T1w anatomical images were averaged, to improve the signal-tonoise ratio. To clean the data we applied a "brain peeling" tool (Goebel et al., 2006) to automatically "skull-strip" and remove the extra-cerebral voxels. The anatomical volumes were re-oriented in relation to the anterior and posterior commissure plane (AC-PC) and transformed to Talairach (TAL) (Talairach and Tournoux, 1988) coordinate system. Thereon, cortex was segmented using automatic segmentation routines (Kriegeskorte and Goebel, 2001 ) to create mesh representations of each hemisphere. To visualize all cortical activity, from gyri to sulci, we morphed each reconstructed hemisphere, and inflated it.
Thereafter, we drew manually a cut along the calcarine fissure and flattened each hemisphere . Meshes were inflated and flattened for surface maps projection (Fig. 2 ).
Cortical Thickness Assessment
To allow an accurate segmentation of WM-GM and GM-CSF boundary and since 0.5 mm resolution is better suited to measure cortical thickness by the Laplace method (Jones et al., 2000) , TAL anatomical data were converted to high-resolution 0.5 x 0.5 x 0.5 mm iso-voxels using sinc interpolation iso-voxels (Geuze et al., 2008) . Subcortical structures and the ventricles were filled as white matter (WM). To sort white from grey matter (GM) voxels, we used an adaptive region growing step based on locally computed intensity histograms
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11 and calculated gradient information. Thereafter, the GM-cerebrospinal fluid (CSF) border was also segmented with a dilation process starting at the WM-GM border. Finally both borders were polished. The final step allowed for definition of two boundaries translated into two different intensity values, defining the WM-GM and GM-CSF boundaries.The measurement of cortical thickness can lead to miscalculations, in both manual or automatical approaches (Fischl and Dale, 2000) , due to the highly convoluted structure of the cortical surface. To reduce the error probability we used an automatic algorithm that applies the second-order partial differential Laplace's equation (Jones et al., 2000) . The solution of Laplace's equation is equivalent to smooth transition of intensities between the two boundaries. The program calculates a gradient value for each voxel. Starting at each boundary voxel the algorithm performs continuously small steps along the gradient's direction at each point.
The sum of the small step sizes performed between the two borders gives the cortical thickness values (Geuze et al., 2008) . After the computation, a cortical thickness map was superimposed in the volumetric (VMR) data file, and then interpolated into the inflated cortical meshes ( Fig. 2A) .
Functional Image Processing
The fMRI datasets were pre-processed as follows: slice scan time correction, cubic-spline interpolation, small 3D interscan head motion correction with sinc estimation and interpolation, space domain 3D spatial smoothing (Gaussian filter of 2mm) and temporal filtering (high pass, 2 cycles per run).
Polar angle maps were obtained from the average of three runs. Both polar angle and eccentricity maps were created based on linear regression analysis 3B ) mapping experiments. The eccentricity and polar angle gradients define field sign maps that reflect the mirrored representation of visual areas. Hence, we obtained two-color code mapping that established the lateral boundaries of the cortical visual areas (Fig. 3C) . Retinotopic areas V1, V2 and V3 were manually defined over flattened meshes for each subject in each hemisphere using Brainvoyager's surface drawing tools (Fig. 3D) . Obtained regions-ofinterest (ROIs) were used as "masks" to the analysis of regional cortical thickness.
Insert FIGURE 3 about here
Statistical Analysis
Each hemisphere was considered individually and a region-of-interest approach was applied. Using a Matlab (MATLAB R2008a, The Mathworks, USA)
interface, ROIs were superimposed in the CT maps and the mean values of thickness for each area were calculated. To prevent outlier biases, an outlier A C C E P T E D M A N U S C R I P T To analyze ROIs thickness differences within each group, we used parametric GLM Repeated Measures ANCOVA (rmANCOVA), setting age as a metric covariate. We also performed a rmANCOVA adding also gender as a putative confound. When the data did not meet assumptions of sphericity, we used the epsilon value to choose the type of correction applied: the Huynh-Feldt (for ε >0.75) or the Greenhouse-Geisser (for ε <0.75). Repeated measures ANOVA was performed to assess group differences between visual areas cortical thickness in each of the two age subgroups.
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Multiple comparisons post-hoc tests were based on the Bonferroni correction.
We also checked for correlations between ROIs and between age and visual areas with Pearson's correlation analyses.
Moreover, we performed correlation analysis between retinal thickness measures across eccentricity rings (using OCT Stratus) and thickness of cortical visual areas. All statistical data is presented as the mean ± SEM (standard error of the mean). Two-tailed hypothesis testing was performed at a 0.05 significance level.
RESULTS
Mean cortical thickness was calculated as the average of all vertices inside each functionally defined low-level visual area V1, V2, and V3 (n=30 hemispheres for each group, see Fig. 2 , 3 and Material and Methods section).
As in this genetic condition RGCs are specifically affected, we measured the integrity of the neural retina. We found decreased thickness of the neural retina in the central ring (p<0.05), when compared with controls ( Fig. 1 and Table 1), showing the impact of silent RGC loss.
Cortical thickness in retinotopically defined areas
LHON carriers, bearing silent visual loss, have thicker extrastriate visual cortical areas as compared to controls
Overall higher values of cortical thickness were observed for the LHON group (Fig. 4) . Multivariate analysis MANOVA for visual areas V1, V2 and V3, showed a statistically significant difference between groups for extrastriate areas V2 and 
Insert FIGURE 4 about here
To specifically compare ROIs cortical thickness within each group, we performed rmANCOVA with visual area (V1, V2 and V3) cortical thickness as within-subjects factor for each group (LHON and control) separately, and adding age as a possible confound.
As expected the control group showed no differences in mean cortical thickness across visual areas. However, we found that cortical thickness differed significantly across visual areas in LHON carriers (Huynh-Feldt correction, F(1.746,48.885)=6.059, p=0.006), suggesting differential reorganization processes.
Post hoc tests using the Bonferroni correction, to identify the sources of the main effect, suggested that increased cortical thickness in LHON is due to the difference in thickness between both extrastriate areas V2 and V3 and V1 (V1-V2, p=0.061; V1-V3, p=0.035) with no evidence for differences between extrastriate regions (ns).
Even though the LHON carrier group was balanced in gender, the control group was not. Therefore we performed a Repeated Measures ANOVA, using group as between subjects factor, each ROI as within subjects factor and both gender
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16 and age as covariates. We found that there was neither an interaction between visual area cortical thickness with gender nor a gender effect (n.s).
Group differences in cortical thickness across visual areas prior to and after the end developmental maturation
In rmANCOVA, setting age as covariate, both within control and LHON carrier groups a main effect of age was found (F(1,28) extrastriate regions in the group with silent retinal loss.
For this reason, and to probe early vs. post developmental (early adulthood) effects, we have divided each group into two subgroups using the developmental cut-off criterium of 21 years of age ("≤21" and ">21" subgroups).
By splitting each group into "≤21" and ">21" subgroups, we could then perform a group comparison accross visual areas between using (M)ANOVA. We confirmed that mean cortical thickness in the LHON carrier group was, on average, higher than in the control group both under and over 21 years. Fig. 5 shows that this difference is mainly caused by differences in V2 thickness across groups in younger subjects and in V3 in older subjects, suggesting that the differential role of extrastriate areas changes across age. ANOVA analysis showed indeed that there was a generally significant difference in cortical thickness between control and LHON carrier groups, in particular for V2 areas V1 and V2 (Bonferroni post-hoc analysis, p=0.053). These differences were, absent in the >21 subgroup. Fig. 6 shows examples of cortical thickness in a young LHON carrier and a control.
Insert FIGURE 5 about here
Insert FIGURE 6 about here
Regression of cortical thickness with age
Pearson correlation coefficients were computed to identify any potential associations between each individual's visual areas mean cortical thickness and also age in younger and older groups. We found interesting correlational patterns between visual areal thickness and age for control and LHON groups, both under and over 21 years (see Table 2 ). A strong negative correlation was found in the ≤21y control group between V3 and age, and in the ≤21y LHON carrier group between both V2 and V3 and age. Areas within the control group showed no significant early correlation patterns (but only late -in adulthood), in contrast with the LHON group. 
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DISCUSSION
We found that silent carriers of mitochondrial mutations affecting retinal ganglion cells (Carelli et al., 2007; Inglese et al., 2001 ) have profound changes in brain organization and plasticity, even when structural and functional neural loss is clinically silent and in the absence of scotomas.
Evidence for changed brain organization was expressed by increased cortical thickness that dominated in extrastriate areas throughout early visual development in LHON. This is to our knowledge, the first report describing positive plastic changes in cortical extrastriate regions in an asymptomatic condition leading to subcortical afferent loss.
It is possible that latent mitochondrial dysfunction leads to the here reported developmental plasticity. This interpretation is consistent with the knowledge that mitochondria play important roles in sculpting cytoarchitecture during development of the nervous system and that the location or properties of
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19 mitochondria change in association with developmental processes (for a review see Mattson et al., 2008) . This interpretation is also in line with well documented role of mitochondria in controlling brain plasticity (for a review see Mattson et al., 2008) .
The fact that effect sizes of differences in thickness are larger in V2, which neighbors the region with direct afferent loss (V1) suggests that compensatory developmental plasticity is indeed a major mechanism underlying changes in thickness patterns across visual regions. Taken together, and since V1 suffers from impaired retinocortical input even in preclinical stages, these effects are consistent with a topological mechanism whereby neighboring area V2 shows increased compensatory thickness. This effect seems to be specific given that The long term period of brain adaptation that we could access largely exceeds the ones often available in experimental situations in which it becomes rather difficult to identify significant remapping or reorganization (Baseler et al., 2011) .
Accordingly, many studies cover a narrow age span, involve older age groups, and end stage disease. Consequently, neurodegeneration dominates and plastic reorganization mechanisms become barely noticeable (Bridge et al., 2010) .
Our combination of retinotopic mapping with cortical thickness measures to identify differences in explicitly localized visual areas V1, V2 and V3 enabled interindividual matching and enhanced the power to detect plastic changes.
These visual cortical areas do therefore seem to differently reorganize even in carriers of a mutation leading to abnormal physiology of retinal input cells.
Since maturation of cerebral structures also involves the pruning of neuronal processes, lack of such pruning is also a potential explanation for the overall early increase in cortical thickness in LHON carriers (Low and Cheng, 2006; Tamnes et al., 2010) . In our study, both LHON and control groups showed a pattern of age-dependent cortical thickness decrease which is consistent with previous studies (Salat et al., 2004) . Moreover, our correlation results are in
21 agreement with the notion that higher level regions tend to mature later and have a different pattern in LHON and control subjects.
In any case, the most relevant finding in this study was the early increased thickness of extrastriate V2 (and into a smaller extent, V3) representations.
Early visual information processing is mainly routed through V1 (receiving direct input from the LGN) and V2 (Felleman and Van Essen, 1991; Kaas et al., 2006) . There is a strong functional relationship between V1 and V2 including feed-forward and feed-back projections (Sincich and Horton, 2005) . The possibility that V2 can take over or compensate loss of function in V1 is also supported by brain damage data from Bridge et al. (2008) .
As stated above our study goes beyond studies in humans or animal models with retinal lesion-induced lesions because in our model there is no overt lesion (scotoma) in the carrier state. The placement of retinal laser lesions in cats and monkeys, monocular or binocularly produces a lesion projection zone (LPZ) in V1. Neurons inside the LPZ gradually become responsive to stimuli presented to more peripheral, intact retinal locations (Baseler et al., 2009; Giannikopoulos and Eysel, 2006; Kaas et al., 1990) . This plastic reorganization has significance but limited spatial extent, being restricted to few neighboring millimeters in the cortex and maybe mediated by local cortico-cortical connections ( Calford et al., 2003; Darian-Smith and Gilbert, 1994) . In spite of the differences between models, balance between growth and regressive factors are likely of equal importance (Kaas et al., 2006) . Accordingly, it is possible that in LHON patients alternative pathways are formed, strengthened and/or recruited, to rescue the functionality that is more rapidly lost in V1. Age dependency of this type of effects (Giedd et al., 1999) suggests that neuroplasticity is dependent on A C C E P T E D M A N U S C R I P T
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In sum, we found structural plastic reorganization, in a carrier state of disease model of RGC degeneration that is specific to developmental stages, in the absence of visual scotomas. The fact that extrastriate areas show a distinct pattern or reorganization, with specific thickening of V2/V3 in this silent model of afferent loss, may provide clues for the development of effective strategies for rehabilitation.
CONCLUSION
These results show that sensory deprivation in early and asymptomatic ganglion cell degeneration leads to differential regional-specific plasticity of regions of human visual cortex. These effects are age dependent, suggesting that early developmental plasticity causes increased thickness in extrastriate cortex. Such unexpected extrastriate structural plasticity overcomes the cortical atrophy expected from neurodegeneration in particular in striate cortex. The evidence of specific structural plasticity of extrastriate area V2 in this model of silent afferent loss reveals the presence of robust compensatory mechanisms with implications for rehabilitation approaches.
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